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Continuation of block 20. (Abstract)

when nitinol alloys are plastically deformed below the TTR, they
are capable of reversable and forceful total recovery of shape
when heated to temoeratures exceeding the TTR. This study inves-
tigated, the bio-compatibility of nitinol alloys and the ability
of these alloys to display their "shape memory" properties in vivo

All tests concerned Aith the biologic acceotability of the
nitinol alloys showed no adverse tissue reaction to the nitinol
alloy when compared to titanium and 316-L stainless steel.ý These
studies included the effect of nitinol alloy powder on humon fiber
glass cultured in Leighton tubes, the effect of nitinol alloy
filings on collagen synthesis in fetal rat calvaria tissue', and
the tissue response to nitinol implants placed in the subcutaneous
tissue of standard laboratory mice.

Nitinol bone plates containing a strain guage were manufac-
tured. These plates were pre-stressed below the TTR and held in
a pre-stressed manner until applied to the femora of sheep, after
which the restraining device was removej allowing the alloy to
return to its original shape. kThe force transmitted through the
plate to the bone was documented by monitoring the strain guages
at periodic intervals. Data obtained in this fashion revealed
that the nitinol alloy retained the "mechanical memory" in vivo.

A hip prosthesis and intermedullary rod were constructed using
internal fixation comnonents oroduced of nitinol. These were
placed into a human femur with the temperature of the units below
the TTR. Firm fixation of the metalic components within the bone
by changes in shane of the nitinol components as the temoerature
exceeded the TTR demonstrated the feasibility of utilizing nitinol
alloy in the production of certain Orthopaedic implants.
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EVALUATION OF NITINOL FOR USE AS A MATERIAL IIN THE
CONSTRUCTION OF ORTHOPAEDIC IMPLANTS

Army Contract, DAMD contract 17-74-C-4041

PHASE I, 1 December 1973-23 February 1975

BACKGROUND AND DISCUSSION

The near equlatomic alloys of titanium and nickel with their unique

"#shape memory" displayed future potential as superior materials for ortho-

paedic Implants. It was the purpose of phase I of this project to investi-

gate and evaluate the in vivo biologic acceptance of such materials, given

the generic name NITINOL (NI-Ti-Naval Ordnance Laboratory). Previous studies
I

by Buehler have shown that each of these alloys possesses a critical

transition temperature range (TTR) over which the alloys undergoes a highly

unique electronic change and atomic repositioning. This TTR can be varied

through alloy composition changes in excess of 100 0 C down through the liquid

nitrogen temperature (-196 0 C). Certain mechanical properties such as

elastic modulus and yield strength, also vary drastically as the alloys are

moved through the TTR. Furthermore, when NITINOL alloys are plastically

deformed below the TTR (up to 80), they are capable of reversible and

forceful total recovery when heated to temperatures exceeding the TTR.

The greater the amount of strain, up to 8ý, the larger is the recovery

stress on force produced.

OBJECTIVES

1. Investigate the corrosion resistance of NITINOL alloys of varying

composition when exposed to biologic fluids for different time

periods based on earlier work by Castleman, et al. (personal

communication) that revealed that NITINOL was, In fact, bio-

logically acceptable.

1Results of this work may be found In Appendix A.
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2. Demonstrate that these alloys continued to display their "shape

memory" properties In vivo.

MATERIALS

To study the biocompatibility of NITINOL, It was necessary to look at

several alloy compositions. Because various potential medical devices

require certain design characteristics, representative alloys spannIng the

temperatures and recovery stresses were Invostigated 'in order to ý;rovlde

for a broad spectrum of future applications (see Tabie I). The primary

difference between each alloy was in the nickel-cobalt relationship. Such

changes altered the heat recovery range. The immediate wrought configur-

ation and ultimate use of each alloy may be found In Table II. The fol-

lowing four NITINOL materials were prepared for this Investigation:

1. Filings and powder. Fine filin!qs and powder required for fibro-

blast tissue studies were produced by filing a 4.Smm diameter

alloy rod with a tunqsten caribldc file.

2. Implant specimens (see fig. 1). NITINOL alluys were machined Into

Implant specimens whose axis was the same as the principal

axis of the original hot swaged rod. The dumbbell conf,,jur-

atlon allowed for ingrowth of tissue which could then effec-

tively resist wandering of the implant in the tissue.

3. Washers. Washers were prepared, but were not used until ph&se II

of this project and will be deicribed f',rther at that poinL.

4L. Bone plates. Contracting bone plates were designed and ma.;hinad

as outlined in Appendix A to determine whether or not NITINOL

alloys would continue to exhibit memory recovery when heated

through the recovery range in vivo.



METHOD AND RESULTS

The following studies were performed In order to determine tissue re-

sponse to various KiTINOL alloys.

1. The first study utilized NITINOL powder alloys I, IV, and V in human

fibroblasts cultured In Leighton tubes with McCoy's culture medium plus

calif serum. Titanium and 316-L stainless steel were used as controls. In

this short-term experinert, morphology and cell counts were checked as

gross barometers of tissue toxicity. At 20 and 26 days, no significant

differences in morphology or cell counts among the three metals were

revealed (see fig.2)

2. The second study was carried out by Dr. Gerald Finerman and his staff

at UCLA. Filings from each of the 5 alloys as well as from titanium and

stainless steel were placed in buffered fetal rat calvarla tissue in order

to determine their effects bth on general protein and on collagen synthesis

(see fig.3). With over a hundredfold concentration range for each of the

substances, no statistically significant differences from the controls were

found. Shaded areas on the graph in fig.3 indicate the range for control

values, and in all cases, experimental values fell within these ranges.

3. The third portion of phase I utilized the small dumbbell-shaped im-

plants beneath the skin of standard laboratory mice (fig.4). Each of the

five alloys was tested on 27 mice, nine implants left for one week, nine

for three weeks, and nine for nine weeks. The animals were fed a standard

diet and watered ad libitum. Activity was not restricted. For surgery,

the mice were anesthetized with ether. A small Incision over the sacral

area we- made with a hemostat subcutaneously approaching the scapular area

Nr



posteriorly. The chromic suture materia! was passed from the sacrum

cept.alad and emerged with the needle superior to the scapula. The implant

was then pulled from the sacrum into the scapular area and l1cked with a

chromic suture. Implants were not left over the sacrum as orininally

planned because of the animals' ability to get to this area and disturb the

implants. At one, three, and nine weeks, the mice were sacrificed and

the impiant was remuved in toto. Specimens were observed for gross Irri-

tation and discoloration. The metal was not explanted from the surrounding

tissue in order to preserve the interface.

The metal, together with the surrounding tissue, was then embedded in

methylmethacrylate. The extreme hardness of the metal, however, pre-

vented the microtome from cutting sections. It was therefore necessary to

place the entire block in an acid solution and to pass a current

through the metal. The NITINOL implant then popped out,' allowing sections

to be cut with the microtome. Although small bits of the fibrous layer in

contact with the metal were lost, representive sections in most of the prep-

arations were obtained (fig. r)

No gross necrosis and/or color changes were observed by macroscopic

examination of the tissue samples in the NITINOL, stainless steel, or ti-

tanium tests. Mic-roscopic tissue response was evaluated by studying the

"fibrous membrane hwmediately adjacent to stainless steel, titanium or

alloy implants,by )serving the cellular activity of the connective tis-

sues around th. .imbrane, and by checking the muscle around the Implant for

Ssigns of degenerption and/3r abnormal cellular infiltrates. An early fi-

broblastic respore in the formation of a membrane ar'ound the implant was

revealed in all cases. At nine weeks, vasculature and blood vessels sur-

rounding the area appeared normal. There were no giant cells present or

---------------- -----------q



degeneration of the muscle layers or loose connective tissue. No signl-

ficant differences oetween the control and the NITINOL Implant tissue sec-

tions were noted.

4. The final step in phase I was to study NITINOL plates as designed

and machined In App. A. The plates were Instrumented using strain gauge

cells glued into the plate (fig. 6) Two small wedges were drawn Into the

sralning cavity during cooling of the plate. Because Lhe outside diameter

of the wedges was larger than the entrance diameter, the straining cavity

was effectively elongated. With the straining device In place, the plate

was then dipped into 90% alcohol at -150 0 C. This temperature was moni-

tored by probe thermometer during plate cooling. As the plate and the

straining device were cooled, a wrench was used to apply active forces

to the straining device. Once.thls device was sufficiently elongated,

and the wedges were In place, the plates were allowed to warm to room temp-

erature and were standardized with a hep strain gauge cell.

Following standardization, the plates were gas sterilized for implan-

tation In sheep femora. The hind legs of the sheep were prepped and draped

for * lateral incision. Either the dorsal or lateral aspect of the femur

was ,iected, dependent upon how well the plate mated Itself to the bone.

Standard placement of the screws was achieved using a torque of 40 kilo-

ponds of force. The straining device was then removed, and the pressure was

recorded In kilopounds (fig. 7)

Measurements of the strain gauge cells were taken at waekly Intervals

(fig. 8). The sheep were fed standard diets with water ad libitum. Ho

restrictions were placed on activity. The plates wepe left on for 1-2 months.

Radiographs of the femora were taken at two-week intervals (fig. 9).
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Eight sheep underwent surgery. A total of eight different plates were ap-

plied at this time. Control plates were the A-O DCP type made of stainless

steel. Microradiographs were taken and normal staining of bone tissue was

carried out (fig. 10) No grossly abnormal proliferation or discoloration of

tissue surrounding the plates were observed. On all histological specimens

Including controls, absorption cavities could be seen beneath the plate ndi-

cative of stress being borne by the plate rather than by the bone. The

strength of the forces at work within the plates was evidenced by a plate

that fractured after being warmed to room temperature with the constraining

device in place, sending portions of the constraining device several meters

from the original site (fig. 11). Two other plates were rendered Inaccurate

when the strain gauge wires were broken by the sheep. Points In fig. 12

represent the initial measurement of force taken with the plate in place

on the sheep femora. The range extended from 8-108 klloponds. Tests

revealed a standard bone response to the strees applied, whether by

NITINOL or by stainless steel.

CONCLUSIONS

* 1. NITINOL appears to be as biocompatible as presently accepted materials.

2. Unique properties of NITINOL are not altered by a biologic environ-

ment.

3. NITINOL continues to show promise in several specific problem areas

of orthopaedic surgery, as further supported by the data obtained

. in phase II of this project.
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PHASE II, Ending January 31, 1976

Phase I revealed that:

1. NITINOL appeared to be biologically acceptable In vivo.

2. The distinct and unusual characteristics of NITINOL would

Indeed function In a biological environment.

Based upon the findings In phase I, phase II combined the efforts of the

Johns Hopkins University School of Medicine, Division of Orthopaedic

Surgery and the Naval Surface Weapons Center in White Oak, Md. to produce

a new Implant technology. Under primary consideration were the problems

surrounding fixation of prostheses to the hip and the possibilities of

using a NITINOL Intramedullary rod (App. B).

Mr. Dave Goldstein and Mr. John Tidings of the Naval Surface Weapons

Center designed and manufactured both a prototype hip prosthesis and an

Intramedullary rod (fig. 13) The prototype hip prosthesis was fabricated

with heat-activated self-deploying NITINOL tabs (fig. 14) This prosthesis

was Inserted In a cadaver femur at a temperature of 0F. Upon warming to

70OF, the tabs deployed and formed a structurally rigid assembly with the

femur (fig. 15) This was considered to be a strong indicator of feasi-

bility of a self-deploying NITINOL prosthesis. Removal of the prosthesis

was achieved after recooling the femur to 0F and then pulling at opposite

.1 ends of the assembly. The insertion and removal process was videotaped

through an image intensifier at the University of Mississippi. A copy

Sof this tape is available through Mr. David Goldstein at the Naval Surface

Weapons Laboratory.

An intramedullary rod was also designed using a bulbous NITINOL as-

sembly which would fix Internally and cause increased stability (fig. 16)

7 iVi



This prototype was also tested by Inserting It In a rcamed hole in a femur

after flattening of the NITINOL elemicnts at 00C. As w~th the hip pros-

thesis, withdrawal was possible by re-chilling the bone/rod assembly.

The embedded device in the expanded mode was impossible to withdraw,

thus indicating that exceptional stability was achieved In tho femur.

Radiography Illustrated both the deployed and non-deployed position of

the NITINOL elements In relationship to the bone (fig. 17).

One added experiment to ;nvestigate use of NITINOL In orthopaedic

biomaterials tested NITINOL washers that were Implanted into sheep femora

with alternating stainless steel and titanium screws. These were Implanted

in two sheep In 1975 ano remain in place. Stress reactions around the

screws can be observed in fig. 18, but there was no evidence of toxicity
related to the Interaction of the different metals. On physical examination,

no lymph adenopathy or reaction in the soft tissue surrounding the im-

plant were present. The sheep have continued to graze and perform the

usual duties of sheep without any alteration of their normal lifestyle.

The sheep 0i1l be sacrificed at a later time and studies of the histol-

ogical compatibility of NITINOL, stainless steel, and titanium will be under-

taken at that Lime.

Problems encountered with the above project were primarily centered

around the difficulties in: 1.) stardardization of the titanium-nickel

ratio into an appropriate temperature mode for use in the body, and

2.) attempting to work with an extremely hard material.

Despite these technical problems, it appears that NITINOL can be suc-

cessfully utilized In the manufacture of properly designed orthopaedic im-

plants and will deploy in the body as expected. The positive findings in

both phases of this project merit further attention in the future.

=M_
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Dr. S. M, Perren
Laboratorium fur Experimontollo Chirurgie
Schweizerischas Fora.chungainstitut
CH-7270 DAVOS-PLATZ

, Switzerland

Dear Dr. Perron:

I have received a copy of your letter addressed to rr.

1 Lee H. Riley, M.D., dated 10 Nlovembor 1972. I have made a

* very careful study of the letter'n contents in order to

I respond in a thorough and proper manner.

I foal the firnt rrmp;ponns, corro;rporidenco should deal

primarily with design considerations. This would consider

, A such aspects an the ntrain-heat-recovery of the flitinol,

contracting force nn,1 the offricts of varied strain as a

* function of tomperature and time, .clection of an rptimivi

alloy "transition tnmueirature range" (TTR) antd various minscl-

.lanooi.s required data in order to make your measuromqntn

meaningful.

Also, in light., o the tollowingj ,din:i';sions, we shotiid

jointly conidnr whol :her thn preannnt pror,•e,] bone . p1at,.

,! denign is optimum ror xperim-nI;!: with the ?litino]. alhoy';.

Whiie these thought procossr..s nay appear somewhat timo con-

suming, I fool thdt fewer experiments may be nondel to con-

clusively test thL valuo of a contracting tlitinol bone platO

system,.

To preface what followr, I definitely feel a contracting

Nitinol bona plate is a novel approach and it could add a



new dimension to healing fractured hones. However, my initial

concern lies in the area of the contracting force. -With the

contracting force potentia•l of the ?iitinol, means may be re-

* quired to lcssen or motlerato this force. I have devoted a soc-

* tion of my followinrj iiritc-up to this aspoet.

The In Vivn Comratibilitv of thitinol

During the discur;sions followinq a recent talk that I gave

in San Francisco, California, U.S.A., a Dr. Alan A. Johnr:on,

Ph.D., Department Head, Department of Materials Science and

Engineering, Washington ",Lato Uniivernity, reported that he had

tested binary Tithi-ba-e alloys (Mitinolr;) in vivo on beagle

dogs. Ilis study wan only to determine the biocompatibility.

His tests centered around plates that were merely fastened to

the front log honns of the boagie. Sone plates had boon

embedded for as rnirh an 18 moni-hr;. Ile summnarizod hi ; r,;iult...

by stating that th,,rr had hoonn nnn cvi lonm? nc irer it.. ioll ,i !

Inflammation in the plat* arqa and thnt a thin fibrous ashr.atli

had formed over the plate.

It would appear, based upon these data and our own success-

*ful crevice corrosion results on cobalt-modified flitinol in

seawater, that this arpect will present no problem and may be

not aside at thin time.

Important Design Connidlerations

The Nitinol materials undergo what in commonly termed a

"martensitic transition" (transformation). This transition is

in part described in the literature; see roferoncor A, 1, C

and D# enclosed. The term "marten'sitic transition" is used

2
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here only to denote an atom "shear" movement associated with

the application of a "shear force." A second feature of the

Nitinol alloy systen is the unique electron bonding change that.

occurs as a function of heating and cooling through the transi-

tion temperature range (TTR)• The combination of atomic

shearing and electron bonding change provide the strain-heat-

recovery behavior and the unuisual force -that accompanies this

recovery*

I have enclosed reference E in an effort to have the basic

design principles better understood. The information and data

in reference E were extracted from a "Nitinol Characterization

! ~Study" performed at Goodyear Aerospace Corporation for the HlASA

"I ~organization, In this study three alloy compositions were sitned,

which were labeled A, D and C. Information on the three alloys

is given in Table I1 (Rof. E). Figure 5 (Ref. E) graphically

S-iluntrates (as a function of rociutivity) the key critical

temperatures as they relate to the martonsitic transition in

the Nlitinol materials. The symbol lofinitions are qivon in the

upper right-hand corner of Figure 5 (Rnf. E).

It should be emphasized that h~at-recoverable strain.nci

must be performed bolow: the M4D tomporatlzrn. Further, the. A

temperature must be rnanho4 (on heating) before the onset of

dimensional recovery can occur. Also, the precise tornperattirous

of AS and MD can be varied considerably by altering the alloy

"composition. This latter point in doccrkbed in some detail on

3
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pages 111 and 112 (R~ef. A) . in apractical. sense recovery

temperatures (AC.) may be established by alloying as- low as

liquid N 2 (-1960C) or at various levels up to about +100*C.

This A temperature flexibility is a most important design
S

consideration and3 will. bI)- dir;rusned in morn detail below.

Following along in reference rl it can be seen in Fiquro r)

that there is a definito relation bntween ntrain-heat-recOvory I
(bend in this case) and the electrical reristanco (rnsiSt4.vii,') - j
temperature profile. The optitnur rccovory o~ccurs in at ratefial

with proper cold wor)-inej (bolow !I tcepenraturrc.) r~oipled wi: h a

pr&)par final anneall so(, Vigurn, G ie.1 upper rrirlht prI.nal.

Typical oel'inenrhiq ntrossn-I~onrqai-An curves (in tennnion)

are prenentod in rigurre!; 14 iarel 15 (nro. r). Not"l tho. chanclo'

in curve shapo bnth )b 1o'., and aloqt" ti-l trantsiition t~eau

ranejo (TTIt). Thb! m riv. br. nuuai mort? ci early tri rn. q-4ietrail c:iirv'UL.

givnn in referonco r. The vast d~i 1ftrennr~t in curvr, nhapit

arc' dirqctly attrihutrtblne to tho n1.ect~ron h)ondinc9 r.:alvjrn In t.

occnr betweecn the A t-mrnprature~ oti lrnalIAinq (Mi on (:ool irc) andS

* * ~~~tho 14 temperat-iirft. j' bo ndOIIiiI'jrl 'ffI: aire iTinr~: !'V 1,t-.PA -.n
D

the Olantic nodu us ( :) nd Llif y i.'d 1 1 ~trunngth (It r,. ),anid the

change isi surmmarizec qr-inhiral tti in Pirjurn 16 (P r.T)* :e

i n nmrl1.e term'; th n1 f: L ~n nI in ; a r a 'tc r7 duri-. 10 "An

10 x10 3pni)belo the. A 5 (on heaatincj). The application of

place above the A,., which sharply-h .caqs thn P, ton abloit 1 2 x

10 6psi and the Y.S. to about flO x 30 psi.. The resultant alloy,
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above its transition temperature range ('> As) is thus quite

strong and rigid. Certainly, above hy it reproesnts adn ongin-

eering typo material that one can work with in a design sense.

Therefore, in designing a suitable bone plate alloy one must be

certain to have body temnperature definitely above the As-MD

range (Fig. 16, nef. E) of the alloy. Such an alloy will pro-

vide, at body temperaturn, a suitable imr~obilizing bone plate

structure and yet will receive sufficient heat from the body

to contract with groat foree.

To be an effective means of forcing together or impacting

* 'the fractured bone sections the "mechtanical memory" must bh

capable of exerting an adequate force--yet not too large a

force. Figure 2R (Rof. N.) shows typiral tdnsilo recovery stress

versus temperature curves at vurious prantrain levels (when

*training is done below the M D-A range). One can immediately

Snote certain key poj-nf,; for •rx.impli, the miximuta recovery

stress appears to be associated with a tonsile strain of Wk%.

Also, the recovery stroes increa'seri a-! a function of strain

Sup to the 0% strain levq1. Anothe~wr iportant fact in the tam-

perat,,re change (AT) that is rnquired to roach the maximum

recovery stress. In ear.h strain i.ev..l In to 8% the AT from

onset of thermal rco:ovrrv to tl, "hn"," .of 1|o curve is

increasing with incl-Tasinq prentr-ain. To best illuatrato thc;e

points I have extracted the curves of three prostrain conditions

(2, 4 and 8%) and those are shown in refinrence G. In brief

those curves are obtainend.by prestraining a Hitinol wire sample

5

........... .. . .
N-* I K, T,. a-_ !k_



a given amount (for example, 2, 4, 8, etc.) , then resistance

heating the strained wire to increasinj]ly higher tem'hratures

while providing the necessary force (arrows, Ref. G) to main-

tain the prostrained length. Knowing the sample cross srtction

area, curves of recovery ntres- vorsus t,.mperaturu are attrin-.,rl.

,t has boon proviously ostablinhed that the initiation of

recovery (Ar.) is a varih1to of the alloy'. lomposition. 9 i ncr,,

body temperatuire is fairly conntant (about 376C), neome inter-

esting design possibilities arise.

Assume the above 2, 4 and 8% recovery stress-temperaturc

curves and further assume that throimqh alloying these curves

Scan be moved sidewine in position with re!,pect to the tompfýr,-

ture axis. With these, arumptionn o-1.nblishedl now .nosition

body temporatuic v:ur;i r'•ily' ;ic rn-,; fie, ,'mrvr.i, ftas ,jhowiL in

reference it by the san:hed- line!;. olo.? trnmp !ratur i:. 37 *r;

however, it is shown at. foir dirr'rit Iocations. This grraphical

representation in ý imicre than no'rinj the crxrvuo nlowi,;ie iandl

provides an equivalent reqslt.

Now one may ohbrv '-the fol.low•ili: if br•dy tmperaturr.-:

is at position A the 4'1 rtrain will t-rod,'cu the grr..atest

recovery stress followrd by 2% and leor!t by . In po-,ttion 1.

the 4% strain gives greatest recovery streons while the 2% and

"8% are equivalent. In position C the 4% and 8% are equuival ,nt

while 2% lags behind. At position D the 0% strain is provirling

much the lar-!ast recovry/ ntrens with tV1e 4% and 1't rro~nyinq

down in order.

6



From the representation given in reference II the import-

ance of alloy design (composition) can he seen. Where should

the 1S temperature (onset of recovery) be with respect to a

tfixed body temperature? flow much temperature change (AT) is

required to provide the nroper bone impacting force? Further,

how much impacting atrain is desiro.d or can be tolerat-d by the

bones? Or, will the Lone ýcrcwt ho •;trij.ped from t'hn hone

threads if the load becomes excessive? A still further con-

sideration is: what might the curve of impacting horce as a

function of time look lii:e--particularly if thc bone mrendingl

is accompanied by contraction and thlur ntrain reduction? I

have conjectured graphlirally in reference I on thir; arpe:t.

11o effort has been maelp to put these ourves in any proportionate

scale. The curves are mr,:rely given to qraphically -;how th-.

rolationshi r o,'- itnpactii, a orýe,, the, . to ,ol'. 110.,1v:.r.

change and thc po -niblr: ,'fi'ct. ,,£ r,'du,.'. d utrain ,uri.riq bon'-,

mending.

In summary, it would appear that ;itiiation D (1rf. I at-A T)

- is least complex. Maximi', impar'-1:.Ig rorce occurs imnm-diate.y

on heating the 8% proitrairicd plate to horly temperature. Then

any lowerinq or thu !3tr in will he h ,'mon;ani ,'ck ; , lAu-r-

ing of the impacting inc-u. The ,Jh reprr,-ntal.ion!H (hody

temperature at A, C in P'e.. II and T) merely show what might

occur with very careful A to body tomperaturu control, .1ow-

&

ever, these latter po.sibilities woiilrl probably require a ,ery

careful alloying study in "orinr t.o *h,- able to place body

7



temperature in either position A or C (Ret."rf).

Now let us address the design concJderations dealLng with

the contracting force (recovery stro.,:;) arcociated wfth the

tNitinol material. rigurn 28 (Raf. E) chows the magnitude of

the "recovery stross" for an annealed uniaxial-atrainao 0.1

inch diameter wire (rod). To assure continued preRauro at the

fracture interface during hoalinrg ona would probably tand to use

a strain (stretch) approaching thal- Whiqh will provide nflarl,

complete heat-inluced recovery. rurth,:r study of Figures 29

through 31 would sot that strain (stroetc.h) leval somawharn in

the 6% to 8% range. Alno uii•g a 60 to Fit strain will provide

a significant amount of plato "ntre.!tuh" avon in rathnr short

bone plates. A stretch of 0.060 inch to 0.080 inch par inch

of stretched honn platn woild allow iildequnata tolaranco during

initial bone na~ing, healing acunnimor.atlon, etc. I'urthar, as

was indicated earlier, if this initi.al. %r.ommodaI-I.(n caucoe a

moderate drop in !;tratn (nitret,:h) th-, l,' d (forc,) anooclai'nt

with the lower strain values will ntill lie quite high (Ccn

Figrures 29-31, Ref. rý).

Assuming the u,;ne of train lc.-vn)n of 6% to C%, nne must ho

li6 conrcrned with the hind ,C rf.covery n;tr.iss or f,.)rn this; wii1,

produce. tlring Figure 30 (RLaf. X) r•.ats foN" a 0.1 Ine.h dfaueote;

wire (rod), one is able to ,leriv2 the ,r1at.e r vý.n itr Ta 1,l' T.

Thean datxa chow th,' rnlativc maginituie of recovery nr•r4n one)

might expect from aI 12 itnt x ,Irum Ilitin(0. hone plati, etons roontion

when strained (stretched) to var-inour In'&eal. Ott a 1.0 squar'r.

-r 0
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inch of bone interface the impacting stress varies from 1995

psi to 5920 psi. While a 2.0 square inch interface varies from

998 psi to 2060 psi. Ohnorving the generally lower recovery

stress trend for larctor di.'meter wire. and sheet (Figures 29-31,

Ref. E) might indicate c-ome general lov,'ring in a wrought bone

plate section. ]low much lower the recov.ry stress values (at

various strains) mi.qht h2 in the propo;:ed 12 mm x 4 mm bone

plate section is unknown. Since the recovery stress (force) iLF

a functiun of the ori.ntation and degree of microtwinning, one

* would have to actually determine. the recovery otrass at various

strains in ,,the 12 mm x 4 mm bone plat-, ,.xperimentally.

Now one has to ask the question, 'What level of impacting

force i' optimum to expedite bone mending?" Is that impacting

force attained, or exceeded in the proposed bona plates anO.

experiments?

The maximum impacting forcur, (re'ovury stresses) shown In

Tahle I cannot he excr.deedd in the 12 mm sc 4 mm proposed bone

plate. Iligher impartinq forces could only result from larger

bone plate section ,:i:e. Chancen are very qood that the values

given in Table I are higher than ran be expected in the more

massive wrought hone plate !ection.

How z.hen doer; one reluce the impacting force while employ-

"" ing a fairly large strain or stretch in f-he plate? Below are

listed zome nuggear~d techniques:

.1. Use a lower prentrain (.tretch) but somehow extend

the length of the strainod" zone. For e..ample, 8% strain over

10
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"2 inches - 0.160 inch of stretch. While the same 0.160 inch

stretch is possible uisinq a 4% strain over 4 inches. While the

stretch is similar the recovory stroes Cor 4% strain is consid-

erably lower than in the 0% situation.

2. Reduce the cross seotional area of the portion of the

bone plate that is strained (stretched). This will lesson the

recovery stress proportional to the area of the stretched portion)

however, it will also redcuce the ntiffnenn of the bone plat- in

the thinned section. The latter limitation may affect the ability

of the plate to immobili.xe bendinel or lateral movnment 3n the

fractured area.

3. Establinh the TTR, through alloying, so that body

temperature (37"() falls on the slopinqj portion of the reco't.oy

stress-temperatiren riirq/# (ree ri•. 2n, Pnf. E and Ref. II, lines

A, 13 and C). However, observinq Pef. it, lines A and PS nn,

refnrring to my prior di.cunninn---•ne can nee potontia1. prohlems

whr'n the strain level (e-.cos (contraction) the impacting otress

can actually increase.

"4. floe ovorntrainin9 as a means of forcing the maximum

recovery stress down to a 1.ower Ir2v..1 ,One c-in ohc.,rvu: this

trend in Figures 20 (10% ,:urve), 29 through 31. 11twevar, to

employ this scheme one would have to 1%now: more about the recoveiry

4 stress vs temperature profile for overstraining sections lik'e

those utilized in hone plates.

5. Employ a 4:wo-piace hone plate tqat is dosnicnnd to

telescope or slide one piace within another but yet maintain

" " i"- -
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rigid alignment of the fractured bone sections. This scheme,

if at all suitable, would allow initial fastening of the plate(s)

to the fractured bone ections followed by the attachment of a

stretched Nitinol clemcnt(.). In this case the contracting

(impacting) force could be accuratnly controlled based on the

straining and crons-nectional area of the contracting Iitinol

element(s).

6. Another possiblo method .-f reducing the contracting

force might utilize the bucking action of a spring component

I built into the bone platt proper. A crude attAmpt at: n dl'iqn

in offered in refernncn J. lere onq could une one: or more

stretched and contracting Nit:inol wtire or rod e1.-ments that. would producn a forern tindnrat-1 by 'Ain rompro:ssive strnininq

(bending) of a dconi.gna.,cd portion of [3h1 plate. RC.eTrnnce J

nhowno a typical prponocd middle scaction. if this mic'dla .nrction

were designed properly it neems that elastic banding could h-.

made to occur nidorwine an illustrat-.,1 ,hile minimizing upward

banding. Perhaps to arCompli.h thir: a c onnielorably liffrf.-rnt

,it 1nol e1em .nt mnnlnt. nl r ut-out won',l•q*, d..ign would hr! ,;,:-

,ary. The illut tratior!; in rafereut . , mr e :,icrely nrpl,,'.eod tr,

suggest the use of the bone plale itself to control raore accu-

ratnly the imparting force. Whether or not a mItuicrmprInp-.:'.:

contracting bone plate in feasible ntil.l remains a niestiin.

In summary, nix "'tchniquan" have boon suggnn'tad an pnsniý',e
1.&

means of controlling ,,r modratinq, the impactintj force produ,'cd

by the uniaxial rositracting force.of Mihe flitinol. '[This J.L i',.

to imply that the above are the only moann of controlling the

iMPacting force. The major intent of 'this exercise in to rnhow

12
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that some means are available by which the impacting force can.

be adjusted. Further variations are definitely possible and it

is hoped the above will encourage original thoughts and tech-.

niques that may prove more desirable.

Potential Biaxial Strain-Hinat-Pc e rcv__

IA'he Nitinol material al,'ays exhibits a heat-recovery which

is in opposition to the prestrain direction. This cuogestn the

possibility for multiaxial straining and complex bone plate per-

formance. How much recoverable straininq is possible in two or

more directions simultaneously in unknown. Perhaps it boa.rs

some relation to the 0% level of uni-axial prestrain. This point

is made merely to nugoqst that multiaxial movement is probably

Savailable from Hitinol. If this could add a highly useful

* j aspect to bone healing, some experimentation should be initiated

to hbtter underntand the complex ,tr.iin-hqat-rncovery as a pre-

lude to bone plate eh,,-;i'jn.

"* flitinnl flone Pla•-n 1: r o_•, inti Tcrhi, i qoc

, ISsitme the limrn ,: .i tMitinol composition that has a TTY,

significantly bnlow body temperatulre (sees point D, RoE. ii).

* flow, then, doeo onn mount such a plite ,.iithout trigenrjrinq con-

. •traction during the mounting pro ,nni?

In principl-, rf ,ni can hchl i,#v, fully the data in rnf'renc%

K, it is apparentl.y prj-,sLblc to ,;upprnn-, the heat-acti:uatod

recovery. In refernnce K the bent Nitinol wire was allowed to

recover elastically, then it was constrained in position while

it waa heated well abo'Ve its normal unstrained TTR (As I O00r)

13



At about 2806F the constrained wire was released and allowed.to

freely recover. The data in reference K indicate about 96%

recovery nnder these conditions. From these data one might assume

a similar behavior when conqtrainod followinq stretching and

heating well above the TTn. This latter point should be checked

Sexperimentally before cnaiderinU it for hone plate use. If the

* constrained recovery is :ormic•.Jhlo then, the followinl bone. plato

4, mounting steps are suggested.

1. The carefully machined plate is immersed in i suitable

sterile refrigerated bath to lower its tomporature well. below

'the ýID-AS range for the alloy uned. Partial J-Hdllinq of the

strained area only may he employed if there are ;attendant advan-
I

tages.

2. Strain the chillr,.1 bone. plnt•e ,ruing a avitable mechanical

* : oor hydrautlic ntraini•n, detvice. nome pr,.nsie'nod r;rippi ng hnlut.,

lugst, etc., will. hay(, to bn provideul in the plate on anonure uni-

form straining.

3. lsoe thc. ni~r•irainnq devine or otir'r tdevire placed in

the grippinc holen, lDiir, etc.., to constrain recovery on cubae-

quent heatinq abovo thr, Ar, temperature range.

4. Conventionally nount the Ionnu, pla.te using the acrewinrl

action to provide initial imparcting 1lad.

5. With the plate(i) ccro-l-farH:en,.d in ponition re-chill

the stretched (strained) flitinol pllnte section that has boon

constrained from contracting during tho•initial warming dilring

screw mounting. When theplate in chilled the constriining

device is removed.

14
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6. The Nitinol plato is than warmed causing it to
contract and load the fracture interface. The load;-level

profile as a function of time was discussed earlier.

7. Later removal of the plato may be accomplished by

once again chilling the contracting section of the plate. This

should relieve the contracting load long enough to allow easy

load-free removal of the n :rows.

An alternative to tutop 3 abovn would be to maintain the

temperature of the nttotchad portion below the AS during instal-
"S~

lation. While thiRjposnille, it in felt the method doscribed

in 3 in preforahla.

* Steps to he Taken

* iIt is nigqestt.d that the addre•neo and otho.ro recivingj

thin lotter rnvinw it and submil. tlhir .nuggQntionln directly to

me. I w.ill combinen thono sugin.ntiona into ai nc~conil open ,

tn- in the same latter roanon,.' to the v'arious suggr-ntionn.

The most presning ,louiign quontirnq appear to be in the

* * ~~~aro~t of strain (i~tru te:h) -Anad Lhi2 ,- .at '' imipe ct inq for '~ '.

You have stated a l-val of load for impactinq sheop tibia of

about 200 pounds. My immediate quartlon centern on wht.ther or

not this force level is optimum for hoaling, or wh,:ther it in

base4 on experioncei with compression produced by conical ncr',

b4 holes.

From my prior ,lin-uc:u'ions you can appreciate the intrir.acioo

of the strain-recovery stress of the flitinol materials as will

as the relative levels of inheront.roco-:ory strevs. This than

15
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, points up the important question of whether the 200 pounds is

an optimum value, or would significantly higher impacting

forces be desired if they can readily be attained? An answer

to this question probabl7 constitutes a primary step in the

design of a contracting 1litinol bone plato.

If this consideration can be aclaquately addressed, than

other steps should follow. For examrplo, a suitable alloy with

proper TTR should be designed; the stre:r,-strain curve (at 374C

and above the TTR) should bo dotorminced for this alloy and the

"chill 4 constrain -I release * recovery bhhavior determined. If

these results prove natinfactory, then actual bona platos, with

the necessary stretchinq provininn, wnuld bo produced for eval-

* uation.

Sincerely yours•,

WriLIT14 ,7.1 TIOITXPT, .I

Copy to:

(1) MaJnr .*avid Eddy, M.D.
(2) D)r. Leo Riley, M.D.
(3) nr. 'roby llnyan;

L ) 26
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APPENDIX A (cont.)'

NAVAL ORDNANCE LABORATORY '
WHITE OAK

SILVER SPRING, MARYLAND 20910 .IN REPLY NrRCN TO1

5 June 1974

Dr. James L. Hughes, N.D.
Assistant Professor of Orthopedic Surgery
Department of Orthopaedic Surgery
The Johns Hopkins Hospital
Daltimore, Maryland 21205

Dear Jim:

I am in hopes with this summary letter to convey many of the details per-
Staining to the modified-Nitinol alloy bone plates for use under Army

Contract DAND-17-74-C-4041.

METALLURGICAL HISTORY

Alloy Composition. The bone plates were made from an alloy with the
composition Ti*sNi. 4 5 Co. 0 5 with a transition temperature range (or
recovery temperature range) measured to be about -52eC to -180C (see
letter of 4 Feb 1974 to J. L. Hughes).

Alloying and Casting. Eiqshteen 150-gram melts were weighed with the
wt % composition as follows: Ti - 67.38 grams, Ni a 74.32 grams, Co
8.30 grams (or Ti. 5 Ni. 4 5Co. 0 53, Each 150-gram charge was melted multiple
"t-imes on a water-cooled copper hearth using a nonconsumable arc technique.*
All melting is performed in a partial atmosphere of purified argon to avoid
alloy contamination. Repeated alloy melting is done to insure composition
homogeneity. The final product is a 150-gram "botton" about 2 inches in
diameter by 3/8 inch thick.

Three of thege alloyed "buttons" are then remelted together to form
a bar. The finished 450-gram bar measures about 1 inch thick x 1-3/S
inches wide x 4-1/4 inr.hes long. Using this procedure 18 alloy buttons
were made and these w. "e then remelted into 6 rectangular bars.

Metallurgical Processing. The arc cast bars, as described above,
were then given the following processing operations.

*Considerable delay was encountered in this opers~ion due to atmospheric
humidity and its adsorption on the internal components in the arc-
melting chambeT.



Dr. James L. Hughes, M.D.

1. The ara-cat bars were hot rolled to the rough thicknesw of 3/8".
Initial rolling passes were performed at 8509C and the temperature was
lowered gradually to a final rolling temperature of 6000 to 6500C. The
reason for the lower finishing temperature was to induce a finely textured
micro-twinning in the bone plate stock to enhance the strain-heat-recovery
behavior.

2. The hot rolled plates were press-flattened using a heating tempera-
ture in the 6000 to 6500C range.

3. On cooling to room temperature the hot rolled plates were cut
longitudinally using an abrasive cut-off wheel. The cut plates are shown
in Fig. 1(A), attached.

4w 4. The cut plate sections from 3 above are then surfice ground to a
width of 0.550 1188 inch.

5. The cut-and-ground bars from 4 above are heated to the 6000 to
6506C range and press forged to form the strain gage cavity section off

4 I line with the bar ends.

PLATE MACHINING

Machining. The following machining steps were taken to obtain the
finished bone plate.

1. The upset forged bars were reground on their side surfaces to a
width of about 0.550 inch.

2. The bottom surfaces of the end sections wore surface ground in-
line and flat.

3. The rough ends were abrasively cut to length and mill finished*
to insure accuracy.

4. The remaining unmachined surfaces were sanded or ground to remove
any surface oxide left from the "hot" processing operations. Clean oxidu-
"free surfaces were necessary for trouble-free EDM (electrical discharge
machining) of the holes, cavities, atc.t The bars as delivered to the
Main NOL shop for EDM are shown in Fig. 1(b), attached.

5. Upon return from EDM each bar was hand ground on a specially
contoured SiC grinding wheel. This grinding operation provided the

* *All milling, turning, etc., required use of tungsten carbide tooling.

tEDM was dWfficult until the surface oxide was removed and an adequate
electrical ,th to the work piece was obtained.
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Dr. James L. Hughee, M.D.

reduced sectionp on either side of the strain gage cell (see Fig. 2,
attached).

6. The next operation was to hand grind or sand the approAimately

2-inch radius on the upper portion of the end sections of the bone plate.
Considerable care was exercised to avoid uneven grinding of the parallel
side sections of the straining cavity (see Fig. 2, attached). Uneven,
cross-sectional areas in these straining sections could lead to nonuniform
straining and highly unpredictable heat-recovery. The upper and lower
views of a plate, at this stage, are shown in Fig. 1(c).

7. Tungsten carbide end and ball mills were then employed to finish
machine the screw holes, screw slots, screw countersinks, inner uall of
the strain cavity and the strain gage cell.

8. As of this writing the concave undersurfaces of the plate ends
have not been finish machined. This will be accomplished by either ball
milling usinq a 1-inch radius ball mill or making a seriek of longitudinal
passes with a contoured surface-grinding wheel.

9. Finally, hand grinding and sanding using various abrasive grits
will be employed to remove all sharp edges and roughness.

Post-Machining Treatment. The finish machined bare will be washed
carefully in trichlorethylene to thoroughly degrease them. Then they will
be heated for several minutes in boiling water to remove any possible
surface contamination due to absorption of hydrogen into the metallic
surface, the possible hydrogen contamination coming from the EDM operation.

ALWY CONTROLS

Very few controls or checks were possible during the plate prepara-
tion to assure a uniform composition from plate to plate. Most of the
assurance comes from the following:

1. Careful alloy component weighing prior to melting.

2. Care in.melting, both in handling the weighed charges and in
preventing gaseous and interstitial contamination (e.g., the formation of
Ti4Ni 2 0, T14Ni2N, TiC, etc..).

3. Qualitative damping to crudely detormine the approximate transi-
tion temperature range and be certain that the dry ice temperature is
below this critical temperature.

4. A thin "tang" was abrasively cut frou the edge of ,ne of the hot
rolled plates (see Fig. 1(A)). This tang was sanded to reiuce a short
section to % 0.057 inch thick. The test piece was bcooled in dry ice until
its temperature had equilibrated to that of the dry ice. It was then

3
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quickly bent into a tight U-bend with an approximate bend radius qf 0.4
inch. The bent section was then warmed by a human hand to cause recovery.
The recovery from this approximately 6.51 outer fiber strain was rapid and
efficient. The grouand tang virtually recovered its original shape. This
test tang has been included along with this letter report and bone plates.

BONE PLATE VARIZATION4S

The finished bone plates as received by Drs. Riley, Hughes and Perron
will be totally ready for deployment. However, there may be a desire on
the part of the above doctors to slgtymodify the "as received" plate(s).
As a result, the following suggestions are made: .

1. A reduction in the cross sections of the contracting walls of
the straining cavity. This may be accomplished two ways:2 (a) Surface
grind the same amount from the total length of the plate side surfaces.
This way both the straining. members would be reduced in cross section
while simultaneously reducing the width of the total plate,. (b) Locally
surface grind the same amount from each straining wall and leave the bulk
of the plate the original width. surface grinding, as described above,
should be done with a proper grinding wheel and appropriate coolant. The
latter will be important to avoid possible "walking" or movement of the
thinned-down straining walls. If this should happen, a nonuniform strain-
ing wall could result. Finally, heating in boiling water may be a desirable
precautionary step to eliminate any possible contamination fro-2 the grinding-
coolant combination.

2. A further reduction in the thinnei-down sections on either end of
the strain gage cell may be desired. Thi~j can be accomplished by either
carefully hand grinding these zones using a contoured grinding wheel, or,
alternatively, it can be done by milling using tungsten carbide mill cutters.

3. Any other variations may logically be accomplished through the
careful use of grinding, sanding or cutting using appropriate tungsten
carbide toolin4. Coolants usod during' grinding and/or sanding appear
helpful; also, cutting lubricants used during carbide milling, drilling,

* ~etc., are reconmmended.

BONE PLATE OPERATION

The current contracting bone plates are designed to operate by the
contraction of the side sections of the straining cavity. The principal
mode of strain is parallel to length of the plate. Two tools are pro-
vided to render the plate contracting. one is a modified vice-grip pliers
and the other is a tool for constraining contraction during deployment of
the plate. In addition to these tools, dry ice is the only other item
required. The suggested steps for plate operation are as follows:

4
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1. Chill J,*no plate, straining pliers and constraining f~xture in
crushed dry ice.

2. When the plate, pliers and fixture have reached the dry ice
temperature, insert the two 3/8" diameter stretching lugs on the pliers

ftinto the bone plate.

3. Slowly (possibly by steps) elongate the straining cavity. M~oni-
tor the amount of strain by constantly checking the length of the plate.
For example, the straining legs on the straining cavity are N 0.625 inch
long. Therefore, a 4% strain would be .04 x .625 a .025 inch. Check the
unstrained (initial) length of the plate when cooled to dry ice tempera-

* ture. This length plus the 0.025 inch would represent the length of a
4% strained plate. NOTE: DO NOT ATTEMPT TO STRAIN THE PLATE UNUkSS IT

4 IS AT A TEMPERATURE NEAR THE DRY ICE TEMPERATURE. The latter could result
in permanent deformation and/or fracture of the wall of the straining
cavity.

*4. Once the plate is strained to the desi~red level the chilled
constraining fixture is inserted and adjusted so that its lugs will' pre-
vent any contraction during the installation of the plate.

5. Following installation the screw in the constraining fixture is
backed off allowing the plate to contract. This contraction should followJ
previous measurements as shown in Fig. 3, attached. The force of con-
traction against the screw at 376C may be large enough that pliers or a
wrench will be required to hold the side of the constraining fixture while the
met screw is backed off allowing contraction of the bone plate.

It is suggested that the above steps be practiced on simulated bones,
at roomi temperature, in order to master the manipulation of the Nitinol
bone plate.

PLATE STRAINING VARIATION

In accordance with an indirect communication from Dr. S. Perren it
was suggested that the straining cavity could be given a "bent" or "bowed
out" memory configuration. This is shown in Fig. 4(B). Then on cooling to
dry ice temperature the side walls of the bowed cavity could be bent back
straight (see Fig. 4(C)). -Warming to body temperature would cause the
straight walls (Fig. 4(C)) to revert back to the bowed configuration

* ~(Fig. 4MB). If the bone screws are fastened while the strain wall. are
maintained straight1 then when bowing was allowed to occur the fracture
interface would be loaded.

While this scheme appears to be a cuitabie alternative to tensile
* ~straining there may be certain drawbacks. These nare
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1. The repovery force, from a bending mode, may be quite 29w.

2. Considerable bowing is required to derive much axial contraction.
Further, this bowing is somewhat limited by the maximum outer fiber strain-
ing that can completely recover.

3. Considerable care must be exercised in the bowing operation. This
probably should be done in the 550' to 650eC range. This is a temperature
range of larger plasticity. Some early experiments to deform (bow) a hone
plate at room temperature, when the TTR was -520C to -1SC, resulted in
early low strain fracture. This can be seen by observing the small experi-
mental plate attached.

4. If Mowing the side walls is to be attempted, in addition to tho
5500 to 650*C temperature, special plate holding fixtures and heated spread-
ing mandrel will probably be needed in order to symmetrically accomplish t"e
task.

5. Assuming now that a suitable bowed memory configuration is obtained
then it would require certain specific steps to deploy this plate., These
ares

a. Chill the plate, suitable pliers and the constraining fixture in'[,.dry ice.

b. Bend bowed strain cavity walls straight--probably with pliers.

c. Insert constraining fixture and adjust to prevent bowing on
heating.

d. Fasten plate to fractured bone sections.

e. Back off on set scrow in the constraining fixturc allowiny tho
walls to bow and load the fracture interface.
Additional questions will probably arise in the use of theso platea. flow-
ever, the above writeup should serve to %ddresm and answer many of the

obvious questiQns.

Sincerely yours,

2. ,

WILLIAM .(BUEHLER
Magnetism Metallurgy Divicion

6
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APPENDIX A (cont.)

Added Notes on the none Plato Design

The attached drawing is the design consensus of John
Tydings and myself. Initially we are discounting the Nitinol
section joined (probably by hammer swaging) to a titanium-bas:
alloy to foim the end sections of the plate. In the overall
view, the harder machining of Nitinol may be more than out-
weighed by mechanical joining problems, sterilization, etc.
In addition to the mechanical drawing, I have also made a
three-dimensional sketch showing mora realistically thca
proposed plate.

Observing the drawing(s) (Fiquro 3. and/or 2) it can be
seen how we plan to chill and stretch the "TiNi Straining
Cavity." The locking wedge will have a taper that will not
allow it to "back out" under the contracting load o" the
warming bone plate. If this should be a probleri then we have
alternative schemes that can be used and are almost equally
as simple. Further, if the wedge technique works, wedgce of
varying thickness can be employed to provide variable initial
strain, e.g., 2%, 4%, 6% etc.

The design of the bone plate is based upon its use as
shown schematically in Figure 3 (A-D). T1he section called
the "TiNi Straining Cavity" would be chil]ed and strained
below the '?TIT of the alloy (F1igure 3-B). Recovery would be
constrained during installation and *.arminq, b)y te uuc, or •-.i
locking weodg . 'Th;:Lr ir, sho',, `0!:K',iQt1i•Mi 1Y in ll jui:(, 3-(.
Then the wedge could ber. carefull'y ejectod alloi.ing contrac io:
and loading of the fracture (Fi.Lure, 3-D). The graph q'iven in
Figure 3 shows the extent of raco,.,ery whe•i one first constaij.:4
recovery and then rcmoves the constrai.int and allow,,s Er•c
recovery.
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Table I

NITINOL Alloy Compositions Chosen for Experimental Studies*

* Alloy Charge Approximate Heat

No. Composition Recovery range (0C)+

I TiNi 52 to 68

II Ti Ni Co 0 to 24
.5 .483 .017

III Ti 5Ni 4 7 Co 0 3  -22 to S

IV Ti Ni Co -52 to -18
* 5 .45 .05

SV Ti Ni Co -80 to -40
5 .43 .07

*Charge Materials were: Ti, commercial purity sponge
Nip Mond carbonyl nickel
Co, High purity grade (PRC)

+Based upon bending wrought sheet specimens below transition
range followed by heating to induce recovery under no load.

I

&=Rogow

jt

'.



Table J*,I

Summary. of the Arc-Melted Alloys Produced and Their Ultimate Ilse

Arc-Mel ted
Alloy Arc-Melted Bars (lsflgr) Hot Wrought Copnn
No.* Buttons-150gr. Bars (450grf' Shape Produced

1 2 2 (l5Ogr) Not swaged * filings
(dia) 13mm, o implant specimens
4.5 mm o washers (4)

II2 2 (l5Ogr) hot'swaged e filinqs
(dia) 13mm,, o implant specimens
4.5mm, o washers ,(4)

II2 2 (lS0gr) hot swaged 0 filings
(Wia) 13mm, a implant specimnirs
4.5mm o washers (4)

IV 2 2 (lS0gr) hot swaged * filings
(dia) 13mm, & implant specimens
4.5mm o washers (4)

V 2 2 (150gr) hot swaged .9 filings
(ciia) 13mm o implant specimns.n
4.5mm o washers (4)

V 12 4 (450gr) hot rolled e contractinq b~one
into plate plates (R)
9.6mm thick

*See Table I for information on the com'positions and heat
* recovery ranges of the five alloys listed.
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FIGURE I

NITINOL IMPLANT SPECIMEN
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4ALLOY B ALLOY V
DAY 93 DAY 15

* FIGURE 2a

LEIGHTON TUBE SLIDES IN THE PRESENCE OF NITINOL POWDER
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FIGURE 2b

LEIGHTON SLIDE TISSUE CONTROLS



T ITANI UM TITANIUM
DAY 17 DAY 20

STAINLESS STEEL
DAY 21

* FIGURE 2b (cont.)



FIGUJRE 2c

V COMPARISON OF TISSUE CULTURE
SLIDES AT 20 DAYS

ALLOY IV
DAY 20

A ALLOY V

DAY 20

STAINLESS STEEL
DAY 20

TITANIUM
DAY 20
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COLLAGEN SYNTHESIS GENERAL PROLINE W4CORP.
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FIGURE 4a

INSERTION OF IMPLANT SPECIMEN IN MOUSE

ITI

I1E, .09 "



FIGURE 4b

IMPLANT SPECIMEN IN PLACE ABOVE THE SCAPULAR AREA
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FIGURE 4c

IMPLANT SPECIMENT EMBEDDED IN TISSUE
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FIGURE 5

PREPARATION OF TISSUE SECTIONS FOLLOWING REMOVAL OF IMPLANT SPECIMEN
NINE WEEKS POST-SURGERY

I

FIGURE Sa

TIS.SUE AND IMtPLAtIT EMBEDDED IN METHYMETHACRYLATE

FIGURE 5b

REMOVAL OF IMPIANT FROM TISSUE BLOCK
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FIGURE 5c

TISSUE SECTIONING

FIGURE 5d

NORMAL TISSUE SURROUNDING IMPLANT
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F I GURE 6

NITINOL PLATE WITH STRAIN GAUGE CELL
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F IGURE? [

FIGURE 7a

PLATE APPLICATIONI

FIGURE 7b

PLATE IN PLACE ON SHEEP FEMUR
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F-1 GURE 8

MEASUREMENTS OF THE STRAIN GAUGE CELLS TAKEN AT WEEKLY INT"RVALS
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FIGURE 9r
NITI'NOL PLATES ON SHEEP FEMORA

FIGURE 9a

EARLY RADIOGRAPH FOLLOWING PLATE APPLICATION

FIGURE 9b

LATER RADIOGRAPH REVEALING EARLY BONE FORMATION
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FIGURE 10a

NORMAL BONE FCRMAT ION AT THE EDGE OF THE PLATE
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FIGURE 10b

EDGE OF BONE AFTER REMOVAL OF NITINOL PLATE
BONE IS ALIVE AND NORMAL
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FIGURE 11

PLATE FRACTURED AFTER STRESS



FIGURE 12

INITIAL MEASUREMENT OF FORCE TAKEN WITH THE PLATE IN PLACE

ON SHEEP FEMORA
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FIGURE 13

PROTOTYPES OF HiP PROSTHESIS AND INTRAMEDULLARY ROD
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FIGURE 14

NITINOL HIP PROSTHESIS WITH SELF-DEPLOYING TABS
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FIGURE 15

HIP PROSTHESIS IN PLACE IN SHEEP FEMUR
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F IGURE 16

NITINOL INTRAMEDULLARY ROD
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FIGURE 17

INTRAMEDULLARY ROD IN CADAVER FEMUR

FI'"URE 17a

DEPLOYED POSITION

FIGURE 17b

NON-DEPLOYED POSITION
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FIGURE 18

NITINOL WASHERS WITH ALTERNATING SCREWS OF STAINLESS STEEL
AND TITANIUM
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